We extend the DFSZ invisible axion model to simultaneously explain small Dirac neutrino masses and cosmic matter-antimatter asymmetry. After the Peccei-Quinn and electroweak symmetry breaking, the effective Yukawa couplings of the Dirac neutrinos to the standard model Higgs scalar can be highly suppressed by the ratio of the vacuum expectation value of an iso-triplet Higgs scalar over the masses of some heavy gauge-singlet fermions, iso-doublet Higgs scalars or iso-triplet fermions. The iso-triplet fields can carry a zero or nonzero hypercharge. Through the decays of the heavy gauge-singlet fermions, iso-doublet scalars or iso-triplet fermions, we can obtain a lepton asymmetry in the left-handed leptons and an opposite lepton asymmetry in the right-handed neutrinos. Since the right-handed neutrinos do not participate in the sphaleron processes, the left-handed lepton asymmetry can be partially converted to a baryon asymmetry.
I. INTRODUCTION
The phenomena of neutrino oscillations have been established by the atmospheric, solar, accelerator and reactor neutrino experiments [1] . This means three flavors of neutrinos should be massive and mixed. Since the neutrinos are massless in the SU (3) c × SU (2) L × U (1) Y standard model (SM), we need new physics. Currently the most popular scheme for the neutrino mass generation is the so-called seesaw [2] mechanism which can highly suppress the neutrino masses by a small ratio of the electroweak scale over a newly high scale. Remarkably the neutrinos have a Majorana nature in the usual seesaw models [2] [3] [4] [5] [6] . Such Majorana neutrino masses are induced by some lepton-number-violating interactions which can also generate a lepton asymmetry [8] and then give a baryon asymmetry in association with the sphaleron [7] processes. We hence can understand the cosmic matter-antimatter asymmetry which is the same as a baryon asymmetry. This baryogensis scenario in the lepton-number-violating seesaw context is the well known leptogenesis [8] mechanism and has been widely studied [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] .
However, one should keep in mind that the theoretical assumption of the lepton number violation and then the Majorana neutrinos have not been confirmed by any experiments. So it is worth studying the Dirac neutrinos [23] [24] [25] [26] [27] [28] [29] . In particular, we can construct some leptonnumber-conserving Dirac seesaw models [23, 25, 26, 29] to generate the small Dirac neutrino masses. The key of the Dirac seesaw models is that the effective Yukawa couplings of the right-handed neutrinos to the SM leptons and Higgs scalar can be suppressed by a ratio of ceratin symmetry breaking scale over some heavy field masses. Through the out-of-equilibrium and CP-violating decays of these heavy fields, we can obtain a lepton asymmetry in the SM left-handed leptons and an opposite lep- * Electronic address: peihong.gu@sjtu.edu.cn ton asymmetry in the right-handed neutrinos although the lepton number is totally zero [24] [25] [26] [27] . The righthanded neutrinos then will go into equilibrium with the left-handed neutrinos at a very low temperature where the sphalerons have already stopped working. Therefore, the sphalerons can partially convert the induced lepton asymmetry in the SM leptons to a baryon asymmetry. This type of leptogenesis is named as the neutrinogenesis [24] mechanism.
The SM encounters other challenges besides the small neutrino masses and the cosmic baryon asymmetry. In order to solve those problems, people have also extended the SM in other ways except for the seesaw scenario. For example, the invisible axion models [30, 31] based on the Peccei-Quinn (PQ) symmetry [32] [33] [34] have been studied widely by theorists and experimentalists since they can solve the strong CP problem. Due to the unobserved axion, the PQ symmetry breaking scale now has a low limit far above the electroweak scale [1] . Furthermore, for a proper choice of the breaking scale of the PQ symmetry and the initial value of the strong CP phase, the invisible axion can account for the dark matter relic density in the universe [1] . In some interesting models for the neutrino mass generation, the PQ symmetry also plays an essential role [35] .
We would like to point out the usual Dirac seesaw models contain an arbitrary breaking scale of the additional discrete, global or gauge symmetry. To fix or constrain this symmetry breaking scale, we can connect it to other new physics. For example, in a class of mirror models [29] , the additional symmetry is a mirror electroweak symmetry so that it can be fixed by the dark matter mass.
In this paper we shall make use of the PQ symmetry to forbid the Yukawa couplings of the right-handed neutrinos to the SM leptons and Higgs scalar. Specifically we shall extend the DFSZ [31] invisible axion model by three gauge-singlet right-handed neutrinos, an iso-triplet Higgs scalar with or without hypercharge, as well as some heavy gauge-singlet fermions, iso-doublet Higgs scalars or iso-triplet fermions. After the PQ and electroweak symmetry breaking, the iso-triplet Higgs scalar can acquire an induced vacuum expectation value (VEV) constrained by the ρ parameter. This VEV can help us to naturally suppress the Dirac neutrino masses by its ratio over the masses of the heavy gauge-singlet fermions, iso-doublet Higgs scalars or iso-triplet fermions. Meanwhile, the decays of the heavy gauge-singlet fermions, isodoublet Higgs scalars or iso-triplet fermions can realize a neutrinogenesis to explain the cosmic matter-antimatter asymmetry.
II. THE DFSZ MODEL
Before introducing our models, we briefly review the DFSZ invisible axion model which contains three generations of fermions,
as well as three Higgs scalars,
the kinetic terms (3) can give us the axial couplings of the Nambu-Goldstone boson a to the SM fermions u, d and e,
The non-perturbative QCD Lagrangian then should be
where θ is a constant from the quark mass matrices and the QCD Θ-vacuum. Clearly, the physical strong CP phaseθ now can naturally roll into a tiny value to solve the strong CP problem since it now has become a dynamical field. Therefore, the global symmetry U (1) PQ is the PQ symmetry while the Nambu-Goldstone boson a is the axion. The PQ symmetry should be broken at a high scale f PQ 10 10 GeV to fulfill the experimental constraints [1] . From the color anomaly the axion can pick up a tiny mass. For an appropriate PQ symmetry breaking scale f PQ 10 12 GeV, the axion can serve as a cold dark matter particle if the strong CP phaseΘ has an initial value of the order of O(1) [1] .
The [SU (2) L ]-doublet Higgs scalars φ 1,2 are responsible for the spontaneous electroweak symmetry breaking. Their VEVs should be
We can conveniently define
and then obtain
This means the newly defined φ will drive the electroweak symmetry breaking. It is easy to see the perturbation requirement in the Yukawa interactions can constrain the rotation angle β by
By inputting [1] 
we can read 0.3 tan β 147 .
III. HIGGS TRIPLETS AND RIGHT-HANDED NEUTRINOS
We now introduce the Higgs triplets with or without hypercharge, Σ (1, 3, 0) 
which have the kinetic terms as below,
The supplement of the potential (6) should be
After the Higgs doublets φ 1,2 develop their VEVs for the electroweak symmetry breaking, the Higgs triplets can acquire the induced VEVs,
where the Higgs triplet masses M 2 Σ,∆ have been given by
It is well known the VEV of a Higgs triplet will affect the ρ parameter [1] ,
In the presence of two Higgs doublets φ 1,2 and a Higgs triplet Σ or ∆, we can express the ρ parameter by
By inserting
we can derive the upper bounds on the VEVs of the Higgs triplets,
Our models also contain three right-handed neutrinos, which are the
Therefore, the right-handed neutrinos are forbidden to have the following gauge-invariant Yukawa couplings and Majorana masses, i.e.
except for their kinetic terms,
Meanwhile, the gauge-invariant Yukawa couplings of the Higgs triplet with hypercharge to the lepton doublets are also absent from the Lagrangian due to the PQ symmetry, i.e.
In consequence, the neutrinos should keep massless in the present context.
IV. DIRAC SEESAW MODELS
In this section we will draw the outline of our models with the heavy fermion singlets, the heavy Higgs doublets or the heavy fermion triplets. The generation of the neutrino masses and the baryon asymmetry will be discussed in the later sections. According to the usual type-I, II and III seesaw models for the Majorana neutrinos, we would like to name our models with the heavy fermion singlets, the heavy Higgs doublets and the heavy fermion triplets as the type-I, type-II and type-III Dirac seesaw, respectively.
A. Type-I Dirac seesaw
The type-I Dirac seesaw contains the gauge-singlet fermions and scalar as follows,
The allowed kinetic, Yukawa and scalar interactions are
Here we have prevented the fermion singlets N ′ R from the gauge-invariant Majorana masses by imposing a conserved global symmetry of lepton number, under which the singlet fermions N R and N ′c R , the right-handed neutrinos ν R and the SM leptons l L and e R all carry a lepton number of one unit.
After the PQ symmetry breaking, we can obtain a mass term between the fermion singlets N R and
Without loss of generality, it is convenient to choose a basis where the masses of the fermion singlets are real and diagonal, i.e.
and then define the following vector-like fermions,
As for the scalar singlet ω, its mass is dominated by
B. Type-II Dirac seesaw
The heavy Higgs doublets for the type-II Dirac seesaw are denoted by
which have the kinetic, Yukawa and scalar interactions,
with the covariant derivative,
The masses of the Higgs doublets η should be
C. Type-III Dirac seesaw
In the type-III Dirac seesaw, we have the fermion triplets with or without hypercharge, i.e.
The kinetic and Yukawa terms are
where the covariant derivatives are given by
The Dirac neutrino masses suppressed by the heavy fermion singlets N = N ′c R + N R . Here the scalar singlet ω has a VEV smaller than the VEVs of the Higgs triplets.
After the PQ symmetry breaking, the fermion triplets can obtain the gauge-invariant masses, i.e.
Without loss of generality and for convenience, we can choose a basis where the masses of the fermion triplets are real and diagonal, i.e.
In this basis, we can define the vector-like fermions as below,
In this section we will demonstrate the neutrino mass generation in the type-I, II and III Dirac seesaw models. Specifically, we will show the Dirac neutrino masses can be highly suppressed by the ratio of the constrained VEVs of the Higgs triplets over the heavy masses of the fermion singlets, the Higgs doublets or the fermion triplets.
A. Neutrino masses from the type-I Dirac seesaw
In the type-I Dirac seesaw model, the scalar singlet ω has a quartic coupling with two Higgs doublets and one Higgs triplet. See the κ ωΣ -term and κ ω∆ -term in Eq. (32) . Accordingly, this scalar singlet can acquire an induced VEV,
Here we have input φ 0 ≃ 174 GeV. As shown in Fig. 1 , the type-I Dirac seesaw model then can give a tiny mass term between the left-handed neutrinos ν L and the right-handed neutrinos ν R by integrating out the heavy vector-like fermion singlets
One can easily read the effective Yukawa couplings of the right-handed neutrinos to the SM lepton and Higgs doublets,
Since the scalar singlet is expected near the electroweak scale, the above effective Yukawa couplings can be highly suppressed by the ratio of the VEVs of the Higgs triplets over the heavy masses of the fermion singlets. For example, by inputting M ω = 1 TeV and β = π/4, we read
The Dirac neutrino masses suppressed by the heavy Higgs doublets η. Here (ϕ, S) stands for (φ 1 , Σ) or (φ 2 , ∆).
It should be noted that two or more vector-like fermion singlets are required to give two or three nonzero neutrino mass eigenvalues from the neutrino oscillation data [1] .
B. Neutrino masses from the type-II Dirac seesaw
In the type-II Dirac seesaw model, the Higgs doublets η can acquire the induced VEVs after the PQ and electroweak symmetries are both broken, i.e.
Obviously, the VEVs η should be highly suppressed because of the heavy masses M η , i.e.
Through their Yukawa interactions with the heavy Higgs doublets η, the left-handed neutrinos ν L and the right-handed neutrinos ν R then can obtain a tiny Dirac mass term, L ⊃ −m ννL ν R + H.c. with
Here we have introduced the effective Yukawa couplings of the right-handed neutrinos to the SM lepton and Higgs doublets as
which can be highly suppressed by the ratio of the VEVs of the Higgs triplets over the masses of the heavy Higgs doublets. This scheme of the Dirac neutrino mass generation can also be understood by Fig. 2 , where we denoted (φ 1 , Σ) and (φ 2 , ∆) by (ϕ, S).
C. Neutrino masses from the type-III Dirac seesaw
In the type-III Dirac seesaw model, we can integrate out the heavy vector-like fermion triplets to induce a mass term between the left-handed neutrinos and the
The Dirac neutrino masses suppressed by the heavy
right-handed neutrinos, i.e. L ⊃ −m ννL ν R + H.c. with
L ⊃ −m ννL ν R + H.c. with
The relevant diagram is shown in Fig.  3 where
Clearly the effective Yukawa couplings can be highly suppressed by the ratio of the VEVs of the Higgs triplets over the masses of the heavy vector-like fermion triplets.
Note we need two or more vector-like fermion triplets to give two or three nonzero neutrino mass eigenvalues required by the neutrino oscillation data [1] .
D. Neutrino masses from the combined Dirac seesaw models
The neutrino masses can also be induced by the combined type-I+II, type-I+III, type-II+III or type-I+II+III Dirac seesaw models. These combined models can give two or three nonzero neutrino mass eigenvalues even if they only contain one vector-like fermion singlets and/or one vector-like fermion triplets.
VI. BARYON ASYMMETRY
In this section we will illustrate how to generate the cosmic baryon asymmetry in the type-I, II and III Dirac seesaw models. Specifically, a lepton asymmetry stored in the SM left-handed leptons and an opposite lepton asymmetry stored in the right-handed neutrinos can be produced in the CP-violating and out-of-equilibrium decays of the heavy fermion singlets, Higgs doublets or fermion triplets. The related masses and couplings of these heavy fields are also responsible for generating the light Dirac neutrino masses. Since (i) the right-handed neutrinos do not participate in the SU (2) L sphalerons, (ii) the effective Yukawa interactions between the leftand right-handed neutrinos go into equilibrium at a very low temperature where the sphalerons have stopped working, the right-handed neutrino asymmetry will not affect the baryon asymmetry, instead, only the lefthanded lepton asymmetry will be partially converted to the baryon asymmetry.
A. Neutrinogenesis in the type-I Dirac seesaw
In the type-I Dirac seesaw model, the vector-like fermion singlets N = N R + N ′c R can have the two-body decays as shown in Fig. 4 . We calculate the decay widths at tree level,
and the CP asymmetries at one-loop level,
The final baryon asymmetry then can be given by [36] 
Here and thereafter n B , n L , n γ and s are the baryon number density, the lepton number density, the photon number density and the entropy density, respectively. The factor − 28 79 is the sphaleron lepton-to-baryon coefficient. The washout coefficient r Na ≤ 1 can be determined by the related Boltzmann equations. The relativistic degrees of freedom during the leptogenesis epoch, g * , can be given by g * = 106.75 + 4 + 2 + 3 = 115.75 (The SM fields plus one Higgs doublet, one complex Higgs singlet and one real Higgs triplet) or g * = 106.75 + 4 + 2 + 6 = 118.75 (The SM fields plus one Higgs doublet, one complex Higgs singlet and one complex Higgs triplet).
Note that in the above calculations we have assumed the initial sate N a is much heavier than the φ ′ fraction of the final state φ 1 . If the φ ′ fraction is heavier than the decaying fields, only the φ fraction of the final states φ 1 will contribute to the corresponding decay widths and CP asymmetries. This case will not be studied in details here and thereafter. The definition of the φ and φ ′ scalars can be found in Eq. (13).
Instead of deriving and then numerically solving the Boltzmann equations, we adopt an analytical approximation [36] to give the final baryon asymmetry. For this purpose, we assume a hierarchical spectrum of the fermion singlets N 1,2,... . Consequently, the final baryon asymmetry should come from the decays of the lightest fermion singlet denoted by N 1 . For demonstration, we define
where H(T ) is the Hubble constant,
with M Pl = 1.22 × 10 19 GeV being the Planck mass. For 1 ≪ K N 1 10 6 , the final baryon asymmetry can well approximate to [36] η B = 7.04 × − 28 79
We then simply take,
The lepton-number-conserving decays of the heavy fermion singlets
so that we can parametrize,
and then derive
in Eqs. (62) and (65), we read
, z N 1 = 12.7 × 1 + ln 106.75/g * ln 575
0.6
.
The final baryon asymmetry then can be consistent to the observation [1] ,
. (68) B. Neutrinogenesis in the type-II Dirac seesaw
In the type-II Dirac seesaw model, the Higgs doublets η can be lighter than the PQ symmetry breaking scale χ . In this case, the two-body decays of the Higgs doublets η, as shown in Fig. 5a , can generate a lepton asymmetry stored in the left-handed leptons l L and an opposite lepton asymmetry stored in the right-handed neutrinos ν R as long as the CP is not conserved. The decay widths at tree level are
while the CP asymmetries at one-loop order are
Alternatively, the Higgs doublets η can have their heavy masses before the PQ symmetry breaking. We then should consider the two-body and three-body decays as shown in Fig. 5b . The decay widths should be
The lepton-number-conserving decays of the heavy Higgs doublets η. Here (ϕ, S) stands for (φ 1 , Σ) or (φ 2 , ∆).
As for the CP asymmetries, they should be
We emphasize at least two heavy Higgs doublets η should be introduced to induce a nonzero CP asymmetry (70) or (72). The final baryon asymmetry then can be described by [36] 
Here the factor 2 appears because the decaying particle η a is a doublet. As for the parameter r ηa ≤ 1, it is a washout effect depending on the decay, inverse decay, scattering and annihilation involving the heavy Higgs doublets η a . Ones can derive and solve the Boltzmann equations to exactly determine the values of the coefficient κ ηa for the given masses and couplings of the Higgs doublets η a . The detailed Boltzmann equations and their numerical solutions will be studied elsewhere. Instead, we adopt an analytical approximation [36] for demonstration. For this purpose, we assume the type-II Dirac seesaw model contains two heavy Higgs doublets η 1,2 . The final baryon asymmetry thus should be produced by the decays of the lighter Higgs doublet denoted by η 1 . As an example, we consider the two-body decays. In this case, the relativistic degrees of freedom g * can be given by g * = 106.75 + 4 + 3 = 113.75 (The SM fields plus one Higgs doublet and one real Higgs triplet) or g * = 106.75 + 4 + 6 = 116.75 (The SM fields plus one Higgs doublet and one complex Higgs triplet). By setting
into Eq. (53), we determine
For the parameter choice (74) and the input Tr(y † η 1 y η 1 ) = 0.49, we obtain
The final baryon asymmetry thus can arrive at a desired value [1] ,
. (77) C. Neutrinogenesis in the type-III Dirac seesaw
In the type-III Dirac seesaw model, the vector-like
can have the two-body decays as shown in Fig. 6 . The decay widths are given by
while the CP asymmetries are
Im (y
Here and thereafter we denote ψ and ξ by T in the formula. The final baryon asymmetry then can be given by [36] 
Here the factor 3 appears because the decaying particle T a is a triplet. The washout coefficient r Ta ≤ 1 can be determined by the Boltzmann equations which will be discussed elsewhere. In the following, we consider an analytical approximation [36] for demonstration. As for the relativistic degrees of freedom g * , it can be given by g * = 106.75 + 4 + 3 = 113.75 (The SM fields plus one Higgs doublet and one real Higgs triplet) or g * = 106.75 + 4 + 6 = 116.75 (The SM fields plus one Higgs doublet and one complex Higgs triplet). We assume the fermion triplets T 1,2,... have a hierarchical spectrum. Therefore, the decays of the lightest fermion triplet denoted by T 1 should dominate the final baryon asymmetry. We then define
For 1 ≪ K T 1 10 6 , the final baryon asymmetry can well approximate to [36] η B = 7.04 × − 28 79
We further simply take,
The lepton-number-conserving decays of the heavy fermion triplets
The vertex corrections in the two-body decays of the heavy Higgs doublets η. Here (T, ϕ, S) stands for (ψ,φ 1 , Σ) or (ξ, φ 2 , ∆).
Similarly, from Fig. 8 , we can compute the vertex corrections to the CP asymmetries in the decays of the heavy fermion triplets,
The total CP asymmetries in the decays of the heavy fermion triplets can be conveniently given by
Accordingly, the final baryon asymmetry (80) from the decays of the heavy fermion triplets should be replaced by [36] η B = 7.04 × − 28 79 × a ε Ta r Ta g * × 3 .
In the case with two or more heavy fermion triplets and at least one heavy Higgs doublet, the CP asymmetries (93) should contain not only the vertex corrections (92) but also the self-energy corrections (79). If the model contains only one heavy fermion triplet, the vertex corrections (92) rather than the self-energy corrections (79) should be the source of the CP asymmetries (93).
VII. SUMMARY
In this paper we have proposed a class of Dirac seesawleptogenesis models to simultaneously explain the small Dirac neutrino masses and the cosmic matter-antimatter asymmetry. Our models contain three right-handed neutrinos, an iso-triplet Higgs scalar, as well as some heavy gauge-singlet fermions, iso-doublet Higgs scalars and/or iso-triplet fermions, besides the fields in the DSFZ invisible axion model. The iso-triplet fields can carry a zero or nonzero hypercharge. After the PQ and electroweak symmetry breaking, the effective Yukawa couplings of the Dirac neutrinos to the SM Higgs scalar can be highly suppressed by the ratio of the VEVs of the iso-triplet Higgs scalars over the masses of the gaugesinglet fermions, the iso-doublet Higgs scalars or the isotriplet fermions. The PQ symmetry breaking scale can be constrained by the invisible axion while the VEVs of the iso-triplet Higgs scalars can be constrained by the ρ parameter. Through the decays of the heavy gaugesinglet fermions, iso-doublet Higgs scalars or iso-triplet fermions, we can obtain a lepton asymmetry in the lefthanded leptons and an opposite lepton asymmetry in the right-handed neutrinos. Since the right-handed neutrinos do not participate in the sphaleron processes, the left-handed lepton asymmetry can be partially converted to a baryon asymmetry. The axion can serve as a dark matter particle as it is in the DFSZ model. 
